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Abstract 

This paper explores recent results obtained during testing in an optically-accessible, JP 8 -fueled, flame 
tube combustor using baseline Lean Direct Injection (LDI) research hardware. The baseline LDI 
geometry has nine fiiel/air mixers arranged in a 3 x 3 array. Results from this nine-element array include 
images of fuel and OH speciation via Planar Laser-Induced Fluorescence (PLIF), which describe fuel 
spray pattern and reaction zones. Preliminary combustion temperatures derived from Stokes/ Anti-Stokes 
Spontaneous Raman Spectroscopy are also presented. Other results using chemiluminescence from major 
combustion radicals such as CH* and C 2 serve to identify the primary reaction zone, while OH PLIF 
shows the extent of reaction further downstream. Air and fuel velocities and fuel drop size results are also 
reported. 


Nomenclature 


Symbols 

Af,m^ 

combustor cross-sectional area 

Ae,m^ 

effective mixer exit area 

C 2 *, 

diatomic carbon radical 

CH* 

CH radical 

D 32 , nm 

Sauter mean diameter 

f, mm 

focal length 

L/D 

length-to-diameter ratio 

OH’ 

hydroxyl radical 

NOx 

oxides of nitrogen 

P, kPa 

pressure 

P 3 ,kPa 

inlet combustor pressure 

T,K 

temperature 

T3,K 

inlet combustor temperature 

Tad,K 

adiabatic flame temperature 

U, m/s 

axial velocity component 

V, m/s 

transverse velocity component 

W, m/s 

vertical velocity component 

X 

axial flow direction 

Y 

transverse flow direction 

Z 

vertical flow direction 

AP/P 

combustor pressure drop 

0) 

equivalence ratio 

Abbreviations 

AS 

Anti-Stokes 

CFD 

Computational Fluid Dynarr 
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FWHM 

Full Width Half Maximum 

(I)CCD 

(Intensified) Charge-Coupled Deviee 

LDI 

Fean Direet Injeetion 

LDV 

Faser Doppler Veloeimetry 

NASA 

National Aeronauties and Spaee Administration 

Nd:YAG 

Neodymium: Yttrium Aluminum Garnet 

PLIF 

Planar Faser-Indueed Fluoreseenee 

PDI 

Phase Doppler Interferometry 

PIV 

Partiele Image Veloeimetry 

RMS 

Root Mean Square 

S 

Stokes 

SRS 

Spontaneous Raman Seattering 

UHCs 

Unburned Hydroearbons 

UV 

Ultraviolet 


Introduction 

The International Civil Aviation Organization estimates that aviation aeeounts for nearly two pereent 
of the anthropogenie-indueed earbon dioxide emissions global wide and eontributes 3 pereent to the 
potential warming effeet (Ref. 1). Those numbers are expeeted to inerease an additional 1 to 2 pereent by 
2050 (Ref. 1). Near the primary flight eorridors of the globe, the effeets from aviation ean beeome more 
severe. At ground level, NOx inerease the produetion of ozone, leading to smog. Estimates are that 
eommereial aireraft operations generate 0.4 pereent of all national low-altitude NOx emissions (below 
913-m) (Ref. 2). From a survey released in 2005, the Federal Aviation Administration (FAA) estimates 
airports eontribute between 0.7 to 6.1 pereent to the NOx inventory of the surrounding loeality (Ref. 3). In 
the troposphere, NOx have been found to inerease ozone produetion. At stratospherie altitudes for 
supersonie eruise, NOx have been shown to play a reverse effeet and deerease the proteetive ozone layer 
(Ref 4). 

To reduee the environmental effeets of aviation and ensure that aireraft gas turbines meet future more 
stringent noise and emissions regulations, NASA is developing engine teehnologies that will deerease 
emissions while simultaneously inereasing fuel effieieney. However, many teehnologies that inerease 
engine effieieney also inerease temperature and pressure at the inlet of the eombustor, T3 and P3; for a 
given eombustor teehnology, inereasing T3 and P3 often inerease NOx emissions. NASA has investigated 
several eombustion eoneepts to reduee NOx emissions. This paper deseribes optieal measurements from 
one low NOx eombustor eoneept: lean direet injeetion. 

As the name implies, in FDI the eombustor operates fuel-lean without a rieh front end: all of the 
eombustor air exeept that used for liner eooling enters through the eombustor dome (Ref. 5). Fike other 
lean burn eombustor eoneepts, FDI reduees NOx by minimizing flame temperature; in fuel lean 
eombustion, NOx is an exponential funetion of temperature. To eliminate loeal ‘‘hot spots” that produee 
high levels of NOx, lean burn eombustion eoneepts rely on the fuel and air being well-mixed before 
burning oeeurs. Thus, FDI requires rapid fuel vaporization and fuel-air mixing. FDI aehieves this by 
using a multi-element eoneept in whieh several small fiiel/air mixers replaee a single eonventional fuel/air 
mixer. 

Improved understanding of FDI operation will permit guideline development for future FDI 
eombustor refinement. In order to aehieve this understanding, examination of the physieal and ehemieal 
proeesses that oeeur is required. The required information ean be provided either by eomputational fluid 
dynamies (CFD) or by detailed optieal measurements. In any ease, detailed optieal measurements are 
required beeause CFD results also require validation. 

Optieal measurements that have been applied to flows in simulated gas turbine eombustors inelude 
Planar Faser-Indueed Fluoreseenee (PFIF), Planar Elastie Seattering, Spontaneous Raman Speetroseopy 
(SRS), Phase Doppler Interferometry (PDI), and Partiele Image Veloeimetry (PIV) (Refs. 6 to 10). 
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Results of those measurements inelude eombustion speeies maps, veloeities, fuel/air ratios, and turbine 
profile faetors. These measurements are used to study fuel injeetion, mixedness, and eombustion 
proeesses and are part of a database of measurements that will be used for validating eomputational 
eombustion models (Refs. 11 to 15). 

This paper presents additional measurements for a nine-element LDI array. Measurements inelude 
high speed imaging, flame speetra, veloeity, and turbulenee. The data were eolleeted over a range of inlet 
eonditions that simulate the eonditions of next-generation aireraft eombustors. Results that eompare 
fueling all nine elements with fueling only the eenter element are presented here for the first time. 


The LDI hardware was tested in a high temperature and high pressure flame tube eombustor rig with 
partial optieal aeeess direetly downstream of the fuel injeetion site. The experimental faeility and 
instrumentation offered the ability to perform non-intrusive optieal and laser-based diagnosties, to 
examine fluid and ehemieal proeesses during eombustion. The test eell was eapable of supplying non- 
vitiated inlet air to the eombustor at temperatures between 505 and 866 K, pressures between 1034- and 
1724-kPa with flow rates up to 4.54 kg/s. 

An isolated flill-seetion view of the window assembly and downstream flame tube are displayed in 
Figure 1. The eombustor housing is 74-em in length and lined with an aluminum oxide eeramie to 
withstand average temperatures reaehing 2033 K. UV-grade fused siliea windows (38.1- by 50.8-mm) are 
mounted just downstream of the fuel injeetion site and provide optieal aeeess from three sides of the 
square eombustion ehamber. The eombustion ehamber eross-seetion measures 76.2- by 76.2-mm. The 
bottom of the ehamber is reserved for a spark igniter and provides no physieal or optieal aeeess. The 
grade of quartz used in the windows offers a light transmission of at least 80 pereent within a speetral 
range from 180- to 3300-nm. Nitrogen film eooling is used internally to regulate window temperature and 
aeeounts for no more than 10 pereent by mass of the total inlet air flow. 


Experimental Setup 



Water-cooled 


Figure 1 . — Illustration of flame tube and window housings. 
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The baseline 9-point LDI test hardware is deseribed in Taeina et al. (Ref. 5) and eonsists of a 3 x 3 
injeetor array measuring 76.2- by 76.2-mm with injeetors spaeed 25.4-mm (eenter-to-eenter). Eaeh 
injeetor element is eomprised of a set of six helieal, axial vanes angled at 60° that surround a simplex 
nozzle designed to produee a hollow eone fuel spray. The nozzle atomizes and injeets liquid fuel (Jet- A, 
JP-8) at the throat of a eonverging-diverging venturi. The ealeulated swirl number for this injeetor 
arehiteeture is 1.0. A sehematie of a single injeetor element is displayed in the eut-away view of Figure 2. 
An end-view of the full 9-point array is shown in Figure 3. 

The optieal instrumentation was fixed to a set of stages to provide traversing ability along up to three 
orthogonal direetions. In this work X- is defined as the axial stream- wise direetion, with X = 0-mm being 
the exit (dump) plane of the 9-point LDI hardware. Y- is the transverse horizontal direetion and Z- is the 
vertieal direetion, with (Y = 0-mm, Z = 0-mm) at the eenter of the eenter injeetor. Positive direetions 
follow from the right-hand-rule, with positive X downstream and Z up. 


Air [ > 

Fuel I > 

Air I [ !> 



Figure 2. — Schematic drawing that shows the 
relative spatial positioning of the air swirler, fuel 
nozzle, and venturi for each injector element. 


v_' v+ 



■ - -I -L. 

76.2 mm H 

Figure 3. — End view of the 9-point LDI test hardware. 
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Diagnostic Setup 

Imaging Techniques — PLIF, Luminescence, PIV 

The experimental setups that fall under the eategory of imaging teehniques were similar in that any 
light seattered or emitted was eolleeted, using an imaging array (eamera), from an angle perpendieular to 
the eombustor flow direetion, as illustrated in Figure 4. Various filters were applied so that only the 
wavelength bands of interest were allowed to pass to the deteetor. For PIV and PLIF, the two 2-D 
teehniques that use lasers, the laser beam was formed into a light sheet using a set of eylindrieal lenses. 
The sheet was passed vertieally through the test seetion and aligned parallel with the flow direetion. For 
these methods, the laser sheet and eolleetion opties were traversed together so as to maintain foeus on the 
laser sheet. For ehemilumineseenee measurements, either speeies-speeifie, or high speed imaging, the 
eamera was positioned so that the vertieal eenter plane of the test rig was in foeus. 

OH and fuel PLIF images, along with ehemilumineseenee images of C 2 , and CH, were obtained using 
the same reeeiving opties and eamera. Colleetion opties ineluded the appropriate filter (FWHM of 10-nm, 
typieal) attaehed to a UV-grade, f = 105-mm, f/4.5, maero eamera lens. The light was eolleeted using a 
gated, 16-bit, Ik x Ik pixel array, intensified CCD (ICCD) eamera having a Gen II Super-Blue-Slow- 
Gate intensifier. The gate time used was 50-ns. For PLIF, OH and fuel moleeules were exeited using a 
10-Hz, frequeney-doubled Nd:YAG-pumped dye laser/frequeney mixer system to aehieve wavelengths 
around 282-nm. The laser was formed into a sheet using a pair of eylindrieal lenses, to obtain a sheet 
approximately 300 pm thiek. For PLIF, we used on-ehip averages of 200 gates, and traversed aeross the 
flow along the Y axis in 1-mm inerements. For ehemilumineseenee, we averaged 600 gates on-ehip. The 
filters used to isolate the speeies were 313-nm (OH), 334-nm (fuel), 430-nm (CH), and 515-nm (C 2 ). 



ICCD 

camera 


Figure 4. — Illustration that shows a typical 2-D or 1-D imaging arrangement such as for PLIF or PIV. 
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Flame imaging was achieved using a 12-bit, high speed CMOS camera (Ik x Ik) focused on the 
vertical center plane. Light emitted from the volume and within the field-of-view of the collection optics 
was collected. In the work presented here, we used a frame rate of 10,000 frames per second, image 
exposure time of 40-|lis, and image resolution of 576 x 944 pixels. The flame chemiluminescence was 
collected using an f = 150-mm, f/1.2 lens. The camera array was sensitive to visible light; the light 
collected was largely a combination of CH and C 2 emissions. 

The PIV data were acquired using a 15-Hz double-head, frequency-doubled, Nd:YAG laser and a 
single, interline transfer, CCD camera. For the un-fueled, air-only tests, O.T-pm diameter alumina 
particles were seeded into the air inlet plenum 10-L/D before the plenum exit. The inlet plenum feeds the 
flow to the flame tube test section. For combusting experiments, seed was not used. Instead, we collected 
the light scattered by fuel particles to measure the liquid phase velocity. We used a mechanical leaf 
shutter to block light from the luminescent flame. 

Imaging Techniques — Raman Scattering 

As with the 2-D imaging above, 1-D Spontaneous (Vibrational) Raman Scattering (SRS) was 
collected 90° from the incoming light and square to the test rig. We used a 30-Hz, frequency-doubled, 
Nd:YAG laser focused using a spherical lens into the test section. The beam waist at the focus was 
approximately 2-mm. Collection of the Raman-scattered light was achieved using an f = 60-mm, f/2.8, 
macro lens to 0.22NA, 37 fiber linear array. Each fiber is 200-mm in diameter. The light collected passed 
through a notch filter, and focused onto the slit of an f = 300-mm spectrometer. The slit was set full open, 
to 1-mm. The light was dispersed using a 300 groove/mm grating blazed at 500-nm. The light was 
collected using an intensified CCD camera (Ik x Ik pixel array, 18-mm, Gen III, Super Blue intensifier). 
Each data file was comprised of 1005 laser shots, acquired using a combination of 30 shots on-chip with 
67 software accumulations. The combination of input and receiving optics used resulted in a probe 
volume approximately 2.6-mm high, 2-mm diameter, and positioned 4.4-mm above the rig centerline. The 
system was traversed horizontally in 5-mm increments both in X- and Y- directions. 

Phase Doppler Interferometry 

Three component Phase Doppler Interferometry (PDI) measurements were performed using a setup 
similar to that displayed in Figure 5 where transmitter and receiver optics were arranged in a 30° off-axis 
forward scatter configuration, with both transmitter and receiver oriented 15° with respect to the 
combustor Y- planes. 

An argon-ion laser was used to generate a green (514.5-nm), blue (488-nm) and violet (476.5-nm) 
beam pair. Due to limited optical access, the three-color PDI system used a single optical head to transmit 
the beam pairs that intersected at the measurement volume. As shown in Figure 5, the beams did not 
provide orthogonal measurements, so a combined optical and geometric transform of the three measured 
velocity channels into the rectilinear coordinate system was required. 

Data were obtained in a point-wise manner. Focal lengths for both the transmitter and receiver were 
500-mm. The measurement volume measured 0.076-mm in diameter by 1.03-mm in length. 
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Figure 5. — PDI setup. Top: transmitter-receiver orientation about test 
rig; Bottom: arrangement of beams transmitted through the 
transceiver and spatial relation to orthogonal components. 


Results and Discussion 

In Figure 6 and Figure 7, we present PIV results from the Y=0 plane that help deseribe the 
eombustor/mixer system air flow. The inlet eonditions were T 3 = 828 K and P 3 = 1034-kPa. The time 
between image pairs was S-ps, with a pair sample rate of 15-Hz. Figure 6 shows a sequenee of ten 
eonseeutive “instantaneous” 2-D veloeity fields whieh allows one to see the variation in flow strueture. 
Flow is left to right. Regions in red represent downstream flow and those in blue show upstream motion. 
Although no two instantaneous fields are alike, we observe similar struetures within eaeh. The regions 
between injeetors exhibit high downstream veloeity, whereas upstream, near z = 0 , negative veloeities 
oeeur. The average veloeity and RMS veloeity fields shown in Figure 7, whieh are the result of averaging 
500 instantaneous fields, serve to eonfirm those observations. The absolute magnitudes of the 2-D 
veloeities are plotted as gray-seale eontours, and the direetion of fluid motion is given using arrows. The 
region immediately downstream of the injeetors shows upstream motion and the region between the 
injeetors has high downstream veloeity. The veloeity plot also shows the upstream reeireulating eddy 
regions that exist between the injeetors where the upstream and downstream regions shear. The blaek 
eontour shows the boundaries of zero veloeity that separate the eentral reeireulation zones from the bulk 
downstream motion. The RMS plot shows that the greatest variation in the air veloeity oeeurs in the 
region between injeetors. These features are in agreement with CFD ealeulations (Ref 12). 
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0 10 20 30 0 10 20 30 0 10 20 30 0 10 20 30 0 10 20 30 


Horizontal axis: distance from dome, mm 

Figure 6. — Ten consecutive instantaneous PIV Axial-Vertical velocity Fields in the vertical center plane. (Y = 0). 
Ts = 828 K, Ps = 1034-kPa. Flow is left to right. 



0 10 20 30 0 10 20 30 


Distance from dome, mm Distance from dome, mm 

Figure 7. — Average velocity field (left) and RMS of velocity (right) within the vertical center plane, (Y = 0) 
computed from 500, 2-D image pairs. Ts = 828 K, Ps = 1034-kPa. Flow left to right. 

Once we added fuel and combustion occurred at this inlet temperature, our PDI measurements indicated 
that, on average, the fuel droplets were small, with maximum Sauter mean diameter, D32, around 40-|Lim 
(Figure 8). The majority of drops were less than 12-|Lim. Figure 9 shows a result during unseeded 
combustion acquired using the PDI system at inlet conditions T3 = 828 K, P3 = 1379-kPa and ^ = 0.45. It is 
an end view at x = 3 -mm, with flow coming out of the page that plots the azimuthal velocities for three drop 
size bins: drops less than lO-pm, greater that lO-pm and less than 20-|Lim, and droplets greater than 20-|Lim. 
From this perspeetive, one ean see that there is rotation approximately about the eenterline, whieh has little 
to no V-W veloeity. The V-W eomponents inerease in magnitude with greater distanee from the eenterline, 
predominately radially outward. Near the eenter, most of the veetors are overlapped and present mostly as 
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axial velocity. Once out near the diffiiser circumference, we see some differentiation in velocity, with the 
larger (heavier) drops lagging in direction (assuming those drops smaller than lO-pm follow the flow). 
Although the different directions the drops take become distinguishable, there is no obvious pattern that 
would allow us to say that any one size class moves in a particular manner. The separation does, however, 
show that the larger drops probably assume more of a ballistic trajectory, with minimal influence from the 
local air field. 



X, mm 


□ = 3000 counts 
D32 



Figure 8. — Plot showing sauter mean diameter within the Y=0 plane. The 
scatter points represent valid droplet count during 10-sec acquisition time. 
Inlet conditions: T3 = 828 K, P3 = 1034-kPa, (|) = 0.45. Flow is left to right. 



Inlet conditions 

T3 = 828 K AP/P = 4% 

P3= 1379kPa 0 = 0.45 

X = 3-mm from injector exit plane 

Red = small droplets < 10 pm 

Blue = medium droplets > 10 pm, < 20 pm 

Green = large droplets > 20 pm 


Reference symbols: 
- -50 m/s 


000 

OQO 

000 


Figure 9. — End view showing azimuthal velocity vectors differentiated by fuel droplet size for 
three size bins. Inlet conditions: T3 = 828 K, P3 = 1379-kPa, (|) = 0.45. Flow is out of page. 
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0 5 10 15 20 


Figure 10. — PIV from fuel drops at Y = 0. Ts = 617 K, 
Ps = 1034-kPa. Left: (|) = 0.45. Right: (^\oc = 1.45. 
Flow is left to right. 


The PIV measurements aequired during eombustion result from droplet light seatter only; as with the 
PDI measurements, the flow is unseeded. In the results presented in Figure 10, the eombustor pressure is 
1034-kPa, and the inlet temperature is 617 K. We used a lower inlet temperature beeause at 828 K, we did 
not have many drops from whieh to seatter. With lower inlet temperatures, there was less fuel 
vaporization and we were able to aequire images with good eontrast and dynamie range for PIV 
proeessing. 

The two images presented in Figure 10 represent two flow eonfigurations. The left image was 
aequired with all nine injeetors fueled equally, with (|)ioc = (|)tot ^ 0-45 (left); the right image was aequired 
with only the eenter injeetor fueled, with (|)ioc = 1.45 and (|)tot = 0.16. They are plotted on the same seale. 

For this injeetor, all the inlet air passes through the dome, so all nine swirlers aet upon the air. A lot 
more fuel passes through the eenter injeetor when it operates alone eompared to when all nine injeetors 
are fueled; this must be the ease in order to maintain stability without the flame blowing out. We find that 
we ean measure farther downstream in the one-injeetor ease partly beeause there is more fuel in the 
region to begin with and also beeause at this low inlet temperature, less fuel has vaporized. Based on the 
direetion of the fluid within the fuel spray eone around the eentral injeetor, there is no ehange in the fuel 
spray angle; it appears that the presenee of adjaeent air swirlers helps to eonfine the fuel spray to the 
region immediately downstream from its eorresponding air swirler element. Expeeted larger fuel droplets 
unable to follow the flow also aet to eonfine the fuel mass eloser to the exit plane. 

We analyzed the flame lumineseenee images obtained with the ICCD and the high speed eamera and 
present the results in Figure 1 1 to Figure 14. Figure 1 1 is a matrix showing the average 
ehemilumineseenee signal for CH* for three inlet temperatures (row-wise) and two fuel staging eonditions 
for a eombustor pressure of 1034-kPa. The left and eenter eolumns have all injeetors equally fueled with 
equivalenee ratios of 0.45 and 0.35; the last eolumn has results with only the eenter injeetor fueled. The 
overall equivalenee ratio for the eenter-only eases is 0.15 or 0.16. Flow is from left to right. The images 
were obtained by integrating, on-ehip, 600 50-ns wide gates (as for PLIF), for a total exposure of 30-|lis 
over the 1 minute data aequisition time. The images shown are auto-sealed to highlight their struetural 
features. 
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Figure 1 1 . — On-chip integrated averages of CH at various inlet conditions. Rows (top to bottom): T 3 = 
617 K. Columns (L-M): ^ = 0.45, 0.35 Right column, center-only fueled. Flow is left to right. 
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The extent of signal downstream follows from the amount of fuel that flows from a given injeetor. 

For example, in eonsidering the eenter injeetor row for the 828 K inlet temperature, the CH* signal 
extends from X = 10-mm ((|)ioc = 0.35) to X = 16-mm (c|)ioc = 0.45) to X = 20-mm ((|)ioc = 1.32). For eenter- 
only fueling, as well, we note a delay in the onset of ehemieal aetivity, i.e., the flame front sits farther 
downstream from the dome than with the eorresponding all-fueled eonditions. Regardless of fueling, we 
also observe an upstream shift in the loeation of peak signal intensity with inerease in inlet temperature. 

Figure 12 shows statistieal results of proeessing 9001 eonseeutive flame luminosity images aequired 
at 10-kHz, and is typieal of all high speed image sets. (Figure 13 shows a sequenee of 10 sueh 
instantaneous images.) The inlet eonditions were T 3 = 828 K, P 3 = 1034-kPa, and ^ = 0.35. The average 
of those images is representative of the steady-state system (and identieal in form to those obtained via 
the ICCD), while the RMS (standard deviation) of those images tells us there is a large variation about the 
mean, partieularly in the region immediately downstream of the fuel injeetion sites. The third image 
shows the signal range (signal maximum - signal minimum) and like the RMS, indieates a large 
variation, but it also serves to point out that variation extends well downstream, where the RMS is low. 

We also proeessed the images in a manner typieal for PIV proeessing. For these images, we are 
traeking the bulk flame intensity (as represented by C 2 * and CH* within the flame front) ehanges over 
time. The time between images is lOO-ps, a relatively long time eompared to the 5-|lis time between PIV 
image pairs. However, in observing the play-baek of the high speed movies, and in eonsidering that we 
ean traek by eye, “movement” from frame to frame (as in the single frames of Figure 13), the time 
between frames is not too long. It is reasonable that PIV-type proeessing may provide insights into LDI 
flame strueture, espeeially sinee C 2 * and CH* are indieators of the primary reaetion zone. It is also 
important to keep in mind that eaeh individual image from the high speed eamera eaptures the light 
emitted throughout the volume of the optieally-aeeessible region and does not isolate individual planes as 
with PLIF and PIV. 

The results are shown in Figure 14, with the eombustor operating at 1034-kPa. In the top row are 
images aequired with an inlet temperature of 828 K and in the bottom row, 617 K. The left eolumn has all 
injeetors evenly-fueled with equivalenee ratio of 0.35 for the top image and 0.45 for the bottom image. In 
the right eolumn, only the eenter injeetor is fueled, with (|)ioc = 1.32 for the top and (|)ioc = 1.45 at the 
bottom. The eontour denotes the primary flame zone and the arrows ean be interpreted as showing the 
average direetion of motion within the flame zone. 
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Figure 12. — Statistics derived from processing the signal intensities of 9001 consecutive flame images. Inlet 
conditions: T3 = 828 K, P3 = 1034-kPa, (|) = 0.35, flow left to right. 
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Figure 13. — Ten Consecutive Instantaneous Frames from High Speed Movies, framed at 10 kHz. Inlet conditions: 
Ts = 672 K, Ps = 1034 kPa, (\> = 0.45. Flow is left to right. 


In considering the images of Figure 14 we note the following observations. The high temperature case 
with all nine injectors fueled is the odd case in terms of the flame visualization observed. It is the only 
case that does not indicate recirculating eddies within the central core located directly downstream of the 
fuel injection sites. However, earlier work using phase Doppler interferometry (Ref. 10) indicates a 
weakened recirculation zone during combustion. The lower temperature, all-fueled case also supports that 
work because we observe a much shorter recirculation region (Figure 14, lower left). In comparing the 
center-fueled injector cases to those with all nine injectors, the former show relatively strong recirculation 
near the dome and a much greater extent of coherent structure much farther downstream, at x = 3 5 -mm. 
This is commensurate with the flame zone being longer because of the fuel-rich front end. In contrast, 
the two evenly fueled cases do not show coherent structure beyond x = 20-mm at low temperature and 
X = 15 -mm at high temperature. 

It is possible that heat release effectively decreases the swirl number; the decrease in swirl number 
would lead to decreased flame stability. As the fuel bums, the overall density of the fuel/air mixture 
decreases. This density decrease leads to an increase in axial velocity because the mass flow rate remains 
the same. However, it can be argued that the radial velocity remains approximately the same because the 
radial velocity is imparted to the flow by swirlers that are upstream of the combustion zone. Experiments 
with swirling jets show that the recirculation zone disappears for low swirl numbers (Ref. 16). 
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Figure 14. — Average Flame/Flow structure derived using PIV-type processing of 9000 successive 
high-speed image pairs. Top row: Ts = 828 K. Bottom row: Ts = 617 K. Left column: Nine injectors 
fueled equally. Right column: Center injector fueled only. 
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Figure 15 serves to help eharaeterize eombustion at a single inlet eondition using eomplementary 
diagnosties teehniques: CH ehemilumineseenee, OH and fuel PLIF, and spontaneous Raman 
speetroseopy. T 3 = 828 K, P 3 = 1034-kPa, and ^ = 0.35. Key features are that the injeetor produees a 
highly symmetrie flow fleld. The fuel PLIF (bottom left) shows that the fuel, as represented by 
naphthalene-based moleeules, is eonsumed quiekly. CH* (upper left) supports this; CH 
breakdown/reeombination begins immediately at the dump plane, and the primary reaetion zone is loeated 
there. The plot of OH PLIF (upper right) shows axial, horizontal, and vertieal sliees from a 3-D data 
bloek, highlighting the symmetry, but also showing (along with the CH*) that little or no interaetion 
oeeurs between LDI elements. Finally, the SRS (lower right) data provides us with reasonable 
eombustion temperatures 4-mm above the 9-point LDI eenterline, and shows that the high temperature 
regions lie immediately downstream of the injeetor elements. The SRS data also suggest little interaetion, 
and its form is eonsistent with 1 -point CFD results (Ref. 13). 
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Figure 15. — Results using (top row) CH and OH PLIF and (bottom row) Fuel PLIF and 
SRS at Ts = 828 K, P3 = 1034-kPa, and ([> = 0.35. 
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Summary 

In this paper, we have presented reeent measurements taken in an optieally-aeeessible, JP8-fueled, 
flame tube eombustor using baseline nine-element lean direet injeetion (LDI) researeh hardware. 
Extensive measurements were presented for the eases where all elements are evenly fueled and 
measurements where only the eenter element is fueled. PIV and ehemilumineseenee measurements show 
that the burning zone extends farther downstream for the eenter-only eases than it does for the 
eorresponding equally-fueled eases; this is eonsistent with the loeal equivalenee ratio being mueh higher 
for the eenter-only eases than it was for the evenly-fueled eases. Results from the high speed 
ehemilumineseenee measurements suggest that eombustion reduees the size of the reeireulation zone. 
PLIF, ehemilumineseenee, and SRS results suggest that the burning results for eaeh element are loeal and 
that the interaetion between elements is limited. 
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